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Abstract 

The scope of this article is to report very detailed results of the measurements of 
magnetic relaxation phenomena in the new Cuo.5Fe2.5O4 nanoparticles and known 
CuFe204 nanoparticles. The size of synthesized particles is (6.5ibl.5)nm. Both sam- 
ples show the superparamagnetic behaviour, with the well-defined phenomena of 
blocking of magnetic moment. This includes the splitting of zero- field-cooled and 
field-cooled magnetic moment curves, dynamical hysteresis, slow quasi-logarithmic 
relaxation of magnetic moment below blocking temperature. The scaling of the mag- 
netic moment relaxation data at different temperatures confirms the applicability 
of the simple thermal relaxation model. The two copper-ferrites with similar struc- 
tures show significantly different magnetic anisotropy density and other magnetic 
properties. Investigated systems exhibit the consistency of all obtained results. 
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1 Introduction 



Nanosized magnetic particles have received considerable attention in exper- 
imental, theoretical and computational solid state physics due to their rich 
and often unusual experimental behaviour. Assemblies of these particles are 
a subject of intense research for many years and the investigations are still 
running with the new outcomes. 

Besides looking for new physics, big part of the magnetic nanoparticles re- 
search receives impulsion from the profitable technological application of these 
new and complex materials, mainly in the magnetic data-storage (memory) 
and biotechnology (drug dehvery, self-assembly) . 

Today topics concerning the physics and magnetism of ultrafine magnetic par- 
ticles are directed mainly to the coupling of neighbour particles [1,2,3], surface 
spin glass ordering [4,5], influence of the mechanical treating on the properties 
of fine magnetic particles [6], memory effects [7,8], collective phenomena [9] 
and very famous quantum tunneling of magnetization [10,11]. The aim of this 
paper is to compare the properties and phenomena in materials of different 
chemical composition but in the form of the fine particles with similar sizes 
and having very similar crystal structure. 

The systems investigated in this work are the inverse spinel ferroxide nanopar- 
ticles of copper-ferrite with initial formula Fe[Fe2-2:Cu^]04, where x = 0.5 — 
1.0. Their inverse spinel structure with two different crystallographic sublat- 
tices for the cations can be represented by a general formula A[B2]04, where 
A belongs to the tetrahedral, and B to the octahedral sites. In CuFe204 the 
Fe^+ cations complete the A sites and half of the B sites, and the Cu^"*" cation 
generally occupies the B sites [12,13] and is a typical Jahn- Teller ion. 

The nanoparticles could be considered as a state of matter on the borderhne 
between the atomic and crystalline states and it is important to investigate 
magnetic oxides with the similar chemical composition and low anisotropy, 
but with crystallographic deviations such as those occurring at the structural 
transition due to cooperative Jahn- Teller distortion. Particles were obtained by 
soft chemical process: by applying a magnetic field during the co-precipitation 
process, we separated the particles with spherical shape and particle size up to 
(6.5±1.5)nm. It is well known that the magnetic properties of the fcrrospinels 
are very sensitive to the cation distribution. The compositions chosen offer the 
possibihty to investigate the influence of the ions distribution in a spinel struc- 
ture on the magnetization when the particle is spherical and single domain. 
Thus, we investigated the influence of the phase and structural particularities 
of nanosized granular inverse spinels on the magnetization processes. 

Besides ferrimagnetic ordering, which originates from the strong exchange in- 



2 



teraction between atoms, these materials exhibit also magnetic anisotropy, 
resulting from the relativistically small interaction between the atomic mo- 
ments and crystal field [14]. Particles of actual size are preferably single do- 
main [15], so that the magnetic state of the particle can be described by one 
unique quantity - it's magnetic moment. Because of anisotropy, this moment 
has the energetically preferable orientation along the so-called easy axis. Sta- 
ble orientations are separated by magnetic anisotropy barrier U, which ensures 
bistability. The relaxation of the magnetization M of the ensemble of particles 
with the same anisotropy barriers is exponential in time. In case of the ther- 
mal relaxation, the relaxation-time r at the temperature T is given according 
to Ref. [16] by Arrhenius law 



where k is Boltzmann constant, and Tq ~ 10 ^ — 10 is time between the 
attempts of escape over the barrier. 

For high T, r is very small compared to the time of observation of M, so that 

M fluctuates quickly over the barrier. If T is low enough, M remains blocked 
on one side of the barrier for a long time. The boundary between these two 
regimes depends on the time scale of the measurement. 

Here, the results of very detailed magnetic measurements of substances Cuo.5Fe2.5O4 
and CuFe204 in the form of nano-sized particles are reported comparatively. 
They exhibit qualitatively the same magnetic behaviour and quantitatively 
different properties (the blocking temperature, magnetic anisotropy and co- 
ercivity) . The performed detailed measurements of the time-relaxation of the 
magnetic moment of the samples provides calculation of the magnetic viscos- 
ity and anisotropy, and also confirms that the relaxation follows from thermal 
activation. 



2 Experimental procedure and samples 

The investigated Cuo.5Fe2.5O4 and CuFe204 nanoparticles were prepared fol- 
lowing basically the same procedure. The cupro-ferrite particles were formed 
by adding NaOH to a water solution of FeCl2-4H20 and CUCI2 mixed in 
strictly fixed concentration ratios to achieve a variation of the composition 
with respect to the Cua;Fe3_j;04 initial formula for x=0. 5-1.0 and co-precipitation 
in an alkaline medium at pH > 10. The technological conditions were devel- 
oped to apply the method of fabricating CuFe204 nano-powders with and 
without cooperative Jahn- Teller distortion (this was achieved through vary- 
ing the cations ratio in the initial solution to 1.0), and avoid the additional 
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annealing of the samples. The other sample object of our investigation have 
the composition Cuo.5Fe2.5O4. 

In our work, we used particles separated by means of applying a magnetic 
field after the first precipitate settled down following the introduction of the 
oxidant and the increase of the pH of the solution. The particles thus produced 
had the shape of a sphere or a prolate spheroid at sizes below 10 nm. 

The X-ray phase analysis was performed by using a TUR-M62 apparatus 
with CoKa radiation. The exact position of the lines and their widths were 
determined by the computer software for dcconvolution and profile analysis 
of diffraction patterns. The XRD data exhibited consistently a single-phase 
spinel structure for all types of samples. The TEM bright-field images and the 
grain-size statistics of the powders obtained were analyzed, too. 

The Mossbauer spectra were taken with an electromechanical spectrometer 
working at a constant acceleration mode from 4.5 K to room temperature. 
A 70mC - ^^Co(Cr) source and ct-Fe standard were used. The experimentally 
obtained spectra were computer fitted to a series of Lorentzian curves by the 
least-squares method. 

For the present magnetic measurements the powder of nanoparticles in molten 
liquid paraffin was dispersed and then cooled whilst vigorously shaking. It 

is assumed that the particles in rigid paraffin stay fixed. This excludes the 
mechanical rotation of the particles as a possible way of changing of their 
magnetic moment vector. 

Magnetic measurements were performed using commercial MPMS5 SQUID 
magnetometer, which uses extraction through the induction coils to measure 
the magnetic moment of the sample. It provides high stability of tempera- 
ture at the place of the sample and stable homogeneous magnetic field. Due 
to the SQUID detection system, magnetic moment is measured with very 
high accuracy. Besides the good temperature dependence measurements, this 
equipment is therefore very suitable for the slow and long-lasting relaxation 
measurements. 

At first, magnetic measurements include the dependence of magnetic moment 
of the sample m on the temperature T. The sample was cooled down to 1.8K 
from room temperature in zero applied field. Then the magnetic field was 
applied and the variation of m was measured during the increasing of T up 
to 290K. This gave the so called zero-field-cooled (ZFC) curve. After that, 
the sample was cooled again to 1.8K, but now staying at the same applied 
magnetic field, and after that the variation of m during the increasing of T was 
measured. This gave the so called field-cooled (FC) curve. The temperature 
below which the splitting of ZFC and FC curves appears because of the slow 
relaxation is called blocking temperature Tg. 
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Secondly, m{H) curves for the applied magnetic field hqH up to 5.5T at differ- 
ent stable temperatures were measured. Also, m{T) dependence in the highest 
attainable applied magnetic field ij,qH=5.5T was measured. 

Lastly, very detailed and precise measurement of the relaxation of magnetic 
moment of the sample at broad range of stable temperatures from 2K up to Tb 
of each sample was performed. Every sample was at first heated above Tb in 
zero applied magnetic field. Then the magnetic field of 0.03T was imposed. Af- 
ter some waiting time the sample was cooled down to the desired temperature 
and stabilised. Finally, the magnetic field was reversed to the opposite direc- 
tion (from 0.03T to -0.03T) and m was measured as the time elapsed during 
~3 hours. This procedure was repeated for many different target temperatures 
below Tb- 

The measured magnetic moment m of the sample is not convenient for the 
comparison with other published data. Therefore, the magnetization M is 
used according to circumstances. 



3 Results 

The systematic study of CuFe204 nanostructured powders was laid out in more 
details in our previous work [17]. Here we summarize basic data obtained from 
X-ray diffraction patterns at room temperature and from the analysis of Bragg 
line-broadening and grain-size statistics from high-resolution photographs of 
different powders. The systematic processing of the data demonstrated that 
the amount of particles with spherical or prolate-spheroid shape exceeded 90%. 

The objects of the mentioned studies were spherical nanosized particles of 
Cua;Fe3_a;04 formed via a soft chemical process. Particle sizes are in the order 
of (6.5 ± 1.5)nm. For vahics of x of up to 0.75, we obtained cubic crystal 
lattice and the ratio of lattice parameters c/a = 1. For x = 1 we produced 
particles, whose X-ray diffraction data indicated c/a = 1.04, which is a sign of 
the existence of the Jahn- Teller distortion (for bulk Cu-ferrospinel Jahn- Teller 
effect usually appears at x > 1) and has probably been due to the Laplace 
pressure. We observed a distinct difference for Cuo.5Fe2.5O4 with cubic crystal 
lattice, where c/a — 1. 

Fig. 1 shows the Mossbauer spectra of the two samples at room temperature 
that point to their clear superparamagnetic behaviour. 

The measurement of m{T) dependence is shown in Fig. 2. The splittings of the 
ZFC and FC curves are very pronounced providing the easy and unique deter- 
mination of blocking temperature Tb, which equals to 190K for Cuo.5Fe2.5O4 
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Fig. 1. The Mossbauer spectra of Cuo.5Fe2.5O4 and CuFe204 at room temperature. 
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Fig. 2. The dependence of magnetization M on temperature T of Cuo.5Fe2.5O4 and 
CuFe204 for the zero-field coohng mode (ZFC, open symbols) and field cooling mode 
(FC, full symbols) in the applied magnetic field of 0.03T. The lines are eye-guides. 

and 50K for CuFe204. The curves are measured in applied magnetic field of 
0.03T, which is small enough compared with the magnetic anisotropy field so 
that it does not destroy the anisotropy barrier. 

Below Tb hysteresis loops are obtained. On the contrary, above Tb the m{H) 
curves are completely reversible. The m{H) curves at two characteristic tem- 
peratures (5K - well below Tg, and 290K - well above Tb) for Cuo.5Fe2.5O4 are 
shown in Fig. 3. Similar curves are obtained for CuFe204. The differences are 
just in the saturation value Mg of magnetization, in the remanent magnetiza- 
tion Mr at if = 0, and in the value of coercive field He- For further reference. 
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Fig. 3. Magnetic hysteresis curves M{H) for Cuo.5Fe2.5O4 measured at 5K and 
290K. The lines are eye-guides. 

Table 1 

Some magnetic property parameters of measured samples: blocking temperature Tg 
in 0.03T, magnetic anisotropy constant K, magnetization M51 at 5.5T and 5K, mag- 
netization Ms2 at 5.5T and 290K, coercive field He at 5K, remanent magnetization 
Mn at 5K. 



Sample 


TbIK] 


K[J/m^ ] 


Msi[emu/g] 


Ms2[emu/g] 




Mij [emu/g] 


Cuo.5Fe2.5O4 


190 


2.7-10^ 


53.1 


46.1 


0.032 


15.6 


CuFe204 


50 


0.72-10^ 


35.6 


27.8 


0.041 


8.3 



these data are reproduced in Table 1. 



The relaxation of magnetic moment of the samples is measured below their 
blocking temperatures as described in Sect. 2. Points were sampled at equidis- 
tant times to provide for the homogeneous conditions during the measure- 
ment. When the dependence of magnetic moment m on logarithm of time Int 
is plotted, the linear decreasing during the time of up to ~3 hours for all of the 
measured temperatures is observed, as shown in Fig. 4 for CuFe204. The slope 
of these lines, which is obtained by very reliable linear regression, is dependent 
on temperature. Above the blocking temperature the relaxation of magnetic 
moment is not observable using the magnetometer, but the constant value is 
measured, because m already relaxed to this equilibrium value very quickly. 
For Cuo.5Fe2.5O4 the linear dependence m(lnt) during ~3 hours of relaxation 
measurement at each temperature is observed, too. 



4 Discussion 

The splitting of ZFC and FC curves is reflection of the magnetic anisotropy, 
and the blocking temperature provides the estimation of the density of 
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Fig. 4. Relaxation of magnetization M in time t for CuFe204 sample at different 
temperatures T measured after the cooling from room-temperature in 0.03T and 
reversing of magnetic field to -0.03T. The lines are eye-guides. 

magnetic anisotropy energy. 

In the assembly of nanoparticles there is a distribution of energy barriers. 
That is confirmed in magnetic measurements of our samples, too, as described 
later in text. Besides the temperature dependence of the relaxation time r for 
magnetic moment of the particle, there is also strong dependence of r on the 
energy barrier height, as follows from Eq. 1. Starting from lowest T on the 
measurement of ZFC curve in field of 0.03T, r for most of the particles is very 
long. Increasing T, r becomes shorter, so that more and more particles relax 
to the equilibrium magnetization, especially those particles with lower energy 
barriers. At Tb the magnetic moments of all particles relax to the equilibrium 
during the time of measurement of one point. Following these arguments, 
for relaxation time at Tb the time r = 100s of one measurement is chosen. 
From many literature sources (see Ref. [11]) for superparamagnetic systems 
To = 10^^°s is used, which is connected to the temperature independent fast 
transitions, for example hke in the ferromagnetic resonance. Then follows the 
anisotropy barrier height U/k — TBln{T/To) ~ 28 • Tg, which is 5320K for 
Cuo.5Fe2.5O4 and 1400K for CuFe204. 

To calculate the magnetic anisotropy energy density K, the volume of the par- 
ticle is needed, according toU — K -V.ln reality, U is not simply proportional 
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to V, but U depends on the shape and surface structure of the particles. Nev- 
ertheless, this simple equation will be used to calculate the effective density 
of magnetic anisotropy energy K. 

So, the relaxation time depends on particle's volume: for bigger particles it is 
longer. Also, for bigger particles it is necessary to go to the higher temperatures 
to have the same relaxation time as for smaller particles. Above Tb all particles 
relax at least faster than one measurement, making the ZFC and FC curves to 
overlap. At lower temperatures the biggest particles do not relax completely 
during one measurement. It was found that there exists the activation volume 
[18]. The conclusion is that Tb is defined by concerning the biggest particles 
in the sample. This fact is very suitable because the top diameter in the 
distribution of particles in our case is known: it equals to 8nm. Using the 
volume Vmax = 47rrj^„^/3 of spherical particles, K — U/Vmax is estimated 
to 2.7-105 J/m=^ for Cuo.5Fe2.5O4 and 0.72-105j/m3 for CuFe204. The values 
calculated in this way are the effective densities of magnetic anisotropy energy, 
which include besides crystalline anisotropy also the shape anisotropy and 
more complex surface effects. It is therefore clear why this K is different than 
the density of magnetic anisotropy energy of bulk material, which for CuFe204 
is 6 • lO^J/m^ (see Ref. [19]). Obtained value for the effective K in CuFe204 is 
somewhat greater than the other published data obtained from coercive field 
[19]. The difference can come from the different methods of preparation of the 
samples. Also, it was found that K depends on the size of particles [20], which 
should be taken into account if comparing the data. 

The temperature of the splitting between the FC and ZFC curves differs 
slightly from the temperature at which maximum in ZFC curve appears. That 
is due to the combination of the distribution over sizes of particles and the 
experimental procedure. Some of the particles with lower barrier do not relax 
completely to the equilibrium before the relaxation of particles with higher 
barriers becomes observable, but particles with higher barriers start before 
than the particles with lower barriers finish their relaxation. The difference of 
these two temperatures does not affect the results remarkably. 

First obvious consequence of slow relaxation is hysteresis loop below Tb- It 
does not come from the domain-wall motion and their pinning as is the case 
in bulk magnets, but it comes from the slow relaxation. The slow dynamics 
origin of hysteresis was confirmed by measurements and modelling of similar 
systems [21]. Applied magnetic field increases the relaxation rate by lowering 
the magnetic anisotropy barrier. Above certain fields the m{H) curve becomes 
reversible because the relaxation becomes faster than the measurement of one 
point. Completely reversible m{H) curves above Tb arc in accordance with 
the fast superparamagnetic fiuctuations. For single size monodomain particles 
the magnetization follows the Curie-Brillouin-Langevin dependence on the 
magnetic field. 



9 



50- 



40- 



I 30 



20- 



10- 



- ' ' ' 1 

poooooooo O o 


1 1 1 1 1 \ — : 

" ° ° o o - 






□ n n n ■-■ _ 

°°°°°annnn 


.... 


- 


CuFe,0, : 


: |^qH=5.5T 




1 


1 1 1 1 1 1 



100 200 
T[K] 



300 



Fig. 5. The dependence of magnetization M on temperature T measured at applied 
magnetic field of 5.5T for Cuo.5Fe2.5O4 and CuFe204. 

The highest magnetic field during measurement of the hysteresis loops was 
5.5T. At that field the saturation was not attained, probably because of the 
spin canting [12]. Anyways, 5.5T is well above the point at which the reversibil- 
ity starts. It is indicative to look at the value of magnetization at some specific 
magnetic field like 5.5T. For Cuo.5Fe2.5O4 the magnetization decreases from 
53.1emu/g at 5K to 46.1emu/g at 290K and for CuFe204 from 35.6emu/g at 
5K to 27.8emu/g at 290K. The results for CuFe204 are consistent with the 
data published in Refs. [12,13,19]. The decrease of magnetization with tem- 
perature is monotonous, as shown in Fig. 5. Such a result is expected for the 
superparamagnetic particles. 

The magnetization of the sample in the same applied magnetic field and at 
the same temperature is different between the two samples. For the structure 
of the unit cell of Cuo.5Fe2.5O4 two models are known [22], represented as: 



Cui+Fe?l,[Fe?++,CuS:^_j04 



3+ 



(2) 



and 



Cu;+Fc?^JCu^J 



Fp2+Fe^+ 10. 



(3) 



This system can exhibit a high magnetic moment (in the order of 4.5/^^ per 
unit cell) at values oi x — 0.2 and y — 0.25. Fig. 6 presents Mossbauer 
spectroscopy data for our sample at 4K. The calculations based on these data 
show the following distribution of the cations in the spinel studied: 

(Cu^+Cu'+)o.o9Fe^+9jFe?+9(Cui+Cu'+)o.4i]04. (4) 
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Fig. 6. The Mossbaucr spectra of Cuo.5Fe2.5O4 and CuFe204 in the apphed magnetic 
field of 5T at the temperature 4K. 

In our case, speaking of point of view of these models, an intermediate cation 
distribution is realized, where one large part of the Fe^+ cations is located in 
the octahedral sublattice. This is the probable explanation of the higher total 
saturation magnetization of Cuo.5Fe2.5O4 nanostructured particles. 

Fig. 6 presents the Mossbauer spectrum of the composition CuFe204, too, and 
the cation distribution derived from it is: 

Cugi3Fe^:'57[Fef43Cu^:'57]04. (5) 



Obviously, a quasi-similar distribution of the Cu^+ cation exists in both sub- 
lattices and the Jahn- Teller effect observed is caused by the Laplace pressure 
in the spherical particle. 

During the time of ~3 hours of the measurement at constant temperature the 
relaxation of magnetic moment of both samples is logarithmic. It is valid for 
all of the measured temperatures during this time of observation of relaxation. 
Therefore, it is suitable to extract the temperature dependence of the slopes of 
these straight lines. The logarithmic time-dependence is here a consequence of 
the distribution of barrier heights among the nanoparticles. Here is the short 
overview of this claim, whose details can be found in Ref. [23]. Considering 
the ensemble of the uniaxial particles with the distributed anisotropy barriers, 
magnetic moment m of the sample will not change in time t exponentially, but 
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according to 



Jii°dUf(U)Ue-t/^ 
m{t)^meq + (mo - meg) j^oo^^y^^^^ , (6) 



where mo is the starting value of magnetic moment from which the relaxation 
is measured and rrieg is the equilibrium value toward which the relaxation is 
going on. t{U) is determined by Eq. 1, where U is the barrier height, whose 
distribution in the ensemble is given by f{U). One must have on mind that 
the applied magnetic field H can distort the barrier heights, but here this 
is neglected because the applied magnetic field of 0.03T is much lower than 
the anisotropy field of ~ 0.5T. At some specified temperature the exponential 
factor in Eq. 6 is essentially zero for V <Vb and unity for V > Vb, where 

v.^^^mf^V (7) 



K Vto 



Hence, the magnetic moment in time changes according to: 

m(t) = mo - (mo - rrieq) (8) 



that is dependent on hit when Eq. 7 is inserted. The barrier height U was 

translated to volume V using the same reasoning as in calculation of the 
effective magnetic anisotropy density. Moreover, the result of Eq. 8 is the 
dependence of the magnetic moment m on the combination Tint. 

The other result of this reasoning is that if /(\^)\^ drops rapidly above certain 
volume Vmax-i then the system can be characterized by blocking temperature 

KV 

rp ''max /f^N 



This is also a more exact confirmation of validity of the performed procedure 
of determination of the magnetic anisotropy density from measured Tb using 
the top radius in the ensemble of particles. 

For the description of the time-evolving of systems in the metastable states 
with the distributed energy barriers, the so-called magnetic viscosity was in- 
troduced (for example, see Ref. [24]), defined as: 

^#4- (10) 

mo — nieq d[m t) 
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This equation is customised to include properly the relaxation from the initial 
measured state niQ > to the equilibrium state rrieq < of magnetic moment of 
the sample. For rrieq the value from the FC curve (measured in the same applied 
magnetic field as the relaxation) at the specific temperature is used. Although 
nieq does not change appreciably, it is included because of consistency, mo 
is the value of first measured point. It is not equal to the initial magnetic 
moment before the changing of field (which is equal to the FC value), but 
this is the value from which the relaxation at actual temperature is observable 
using our experimental device. Before the measurement starts, immediately 
after the change of applied field, the system overcomes very quickly to mo and 
after that the slow relaxation is measurable. Actually, this property provides 
the changing of the wanted measurable region of relaxation by controlling the 
temperature. 

There are many systems which belong to the class of logarithmic relaxation. 

Common assumption is that as the system is going toward the equilibrium, it 
comes to the greater and greater potential barriers. In the case of our system, 
as the time passes the greater and greater particles relax more significantly 
toward the equilibrium during some characteristic time-scale of the observa- 
tion. 

The dependence of magnetic viscosity S on temperature T is plotted in Fig. 7. 
For both samples, S is proportional to T below some temperature. At certain 
temperature S attains the maximum and above this temperature it decreases 
quickly and drops to zero at Tg of the sample. Above Tb the system is in 
equilibrium from the point of view of the experimental set-up and S = 
holds. The maximum of S corresponds to the temperature at which the most 
of relaxation happens during ~ 3 hours of measurement: the relaxation at this 
temperature is globally most effective. 

Inserting Eq. 7 and Eq. 8 into Eq. 10 and restricting to the low temperature 
region it follows (see Ref. [23]) 



which predicts the linear dependence of S on T. Here, {V) is the mean value of 
the volume of particles in ensemble. This result shows that the slope of S{T) 
dependence is connected to the magnetic anisotropy. In order to obtain the 
effective K, hnear regression is performed restricting to the points below the 
maximum of S. The intercepts are going near by origin within the standard 
error, and from the slope the K{V)/k is calculated: 1450K for Cuo.5Fe2.5O4 
and 357K for CuFe204. 

Taking into account just the uniform distribution g{r) over diameters of spher- 
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Fig. 7. The dependence of magnetic viscosity S on temperature T for Cuo.5Fe2.5O4 
and CuFe204. 

ical particles from 5nm to 8nm, which is in accordance to measured diameters 
of (6.5±1.5)nm, the mean value of volume (V) = J^^^^^ g{r)A7rrMr ~ 
is obtained, where V„iax = 47rrf„„^./3 in calculation of K from Tg was used. 
The ratio KVmax/K{V), where KVmax is calculated from the Tb and K{V) 
is calculated from the linear fit of S{T), is 3.67 for Cuo.5Fe2.5O4 and 3.92 for 
CuFe204, which is very close to 4. Shght deviation between these values comes 
from the very roughly supposed distribution g{r) over sizes of the particles. 

Hence, both procedures give almost the same effective magnetic anisotropy 
density K within the standard error. This indicates that these two methods 
are mutually consistent. Also, this is another confirmation that Tb is defined 

by Vmax- 



In the relaxation measurements both the temperature dependence and the 
time dependence of magnetic moment are obtained. When the relaxation data 
for all temperatures are plotted with the time-axis transformed as T\n{t/To) 
using the appropriate temperature, all of the measured curves collapse onto 
a single scaling curve, as shown in Fig. 8. This result follows from thermal 
relaxation theory when Eq. 8 is considered. To obtain the collapse onto unique 
and continuous curve in the procedure of scaling the right tq must be chosen. 
Here, we used tq = 10~^°s, that is in accordance to many sources (see Ref. 
[23] and the references therein). 

Scaled plot allows to check whether the Tln(t/ro) scaling of the relaxation, 
which is predicted by the thermal theory, holds at all temperatures. The miss- 
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Fig. 8. Scaled relaxation curves at all measured temperatures for Cuo.5Fe2.5O4 and 
CuFe204. Parameter tq = lO^^'^s is used. 



ing of the scaling would point to the appearance of another mechanism of 
relaxation besides the thermal activation. This would indicate the presence of 
quantum tunneling of magnetic moment, as was seen at low temperatures in 
some experiments [25]. Also, quantum tunneling was used to explain the tem- 
perature independent magnetic viscosity S below some temperature (0.1-5K) 
measured in the assemblies of nanoparticles [26]. According to rough estima- 
tion based on the arguments presented in Ref. [27], the transition temperature 
for appearance of quantum relaxation regime in our samples is below IK. 

Finally, we observed the very slow variation of viscosity along the time dur- 
ing the measurement at constant temperature. Now, this can be understood 
from dynamical reasons looking at the scaled curve. Measurement at each 
temperature covers just a small part of the common curve, so that M(lnt) 
is quasi-linear during such a short time. However, the master curve in Fig. 8 
cannot reach beyond the equilibrium as long as we wait. Therefore, it must 
be curved. This is also observed as a very slight change of the slope of M(lnt) 
curves in Fig. 4 during the measurement at some of temperatures. Scaled 
curve actually covers a very wide time interval of several orders of magnitude 
compared to the measurement at only one temperature, therefore it is able to 
uncover this slow and slight change. 
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5 Conclusion 



All of measurements performed on the collection of nanoparticles of Cuo.5Fe2.5O4 
and CuFe204 point to their superparamagnetic behaviour. It is expressed 
through mutual consistency of the Mossbauer spectra, FC-ZFC splitting, hys- 
teresis and relaxation measurements. Qualitatively the same phenomena in 
both samples were observed, which are characteristic for the assemblies of 
magnetic nanoparticles. 



However, quantitatively the difference in properties between two investigated 
samples is observed. It manifests in the different anisotropy and different value 
of the saturation magnetization. Much greater anisotropy in Cuo.5Fe2.5O4 than 
in CuFe204 is a consequence of the change of occupation of places inside A and 
B superlattices of the ferrimagnetic spinel structure with the copper and iron 
cations. The possible explanation for change of properties is the Jahn- Teller 
distortion in crystal lattice. Most probably in the nanosized particle under the 
action of the Laplace pressure, antiferromagnetic superstructure arises in the 
spherical particle, where the forces of exchange interactions are not sufficient 
to maintain the spontaneous magnetic moment ordering that is characteristic 
for fully built crystal structure of an edged particle. These zones affect the 
magnetic moments density and depend on the temperature. 



The relaxation data at many different temperatures show the unique time 
dependence of magnetic moment when appropriate scaling is performed. This 
is a confident criterium for thermal relaxation over the distributed potential 
barriers according to the described model. Moreover, it allows to follow what 
happens with magnetic moment of the sample during very long times, covering 
several orders of magnitude. 



Exhibited mutual consistency of all performed different types of measurements 
is important point in the characterisation of new type of materials. Also, 
presented phenomenological description of the magnetic relaxation provides 
an useful link between the experimental results and microscopic model. 



Future work will search for the more precise answer to questions opened here. 
It will research in more details the hysteretic phenomena, blocking at higher 
applied magnetic fields and extension of the effective anisotropy with more 
details. 
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